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2-h-old neonatal liver mitochondria, when depleted or" adenine nucleotides, howed an "ohmic" current--voltage relationship and a higher passive 
proton i~rmeability of  the membrane, resembling fetal mitochondrial behaviors for the proton conductanc©. Incubation of fetal mitochondria with 
ATP, GDP or carboxyatractylosicle promoted a significant reductio~t in the passive proton permeability of the membrane and the appearance of 
the characteristic biphasic behavior for the proton conductance. It is concluded that the postnatal increase in intramitochondrial adenine nucleotide 
corto~'ntration promotes, by the interaction of the nucleotides with the adenine nucleotide translocase, the reduction in the passive proton 
permeability of the mitochondrial membrane, allowing efficient energy conservation i the neonatal liver. 
ATP/ADP ant[porter; Adenine nucleotide; Proton conductance; Passive proton t~.rmeability: Liver development 
1. INTRODUCTION 
The  f irst hours  o f  l i fe in the  t i ssues  o f  mammal ian  
neonates  a re  character i zed  by  sudden changes  in the  
metabohc  pathways  re levant  fo r  energy  prov is ion .  D i f -  
fe rent ia t ion  o f  mi tochondr ia  [1,2] a l lows  the  ach ieve-  
ment  o f  a funct iona l  energy  conserv ing  organe l le  [!]  
that  supp l ies  the  requ i red  energy  fo r  the  deve lopment  
o f  the  metabo l i c  pathways  and  ce l lu la r  funct ions  needed 
fo r  success fu l  adaptat ion  to  ext rauter ine  life. Pos tnata l  
mi tochondr ia l  d i f fe rent ia t ion  in ra t  l iver ,  i .e. the  ac -  
qu is i t ion  o f  the  u l t ras t ruc tura l ,  mo lecu la r  and  func -  
t iona l  features  o f  adu l t  mi tochondr ia ,  is accompl i shed  
by  the  synerg is t i c  ac t ion  o f  two  main  processes :  (i) a 
p re ferent ia l  pos tnata l  inc rease  in the  ra tes  o f  p ro te in  
synthes is  fo r  mi tochondr ia l  p ro te ins ,  invo lved  in both  
the  b ioenerget i c  [ i ]  and  metabo l i c  funct ions  [3] o f  the  
organe l le ,  and  (i i)  the  postnata l  inc rease  in in t rami to -  
chondr ia i  aden ine  nuc leot ide  concent ra t ions  [1,4,5]. 
The  fo rmer  process  seems to  be  cont ro l led  a t  a t rans la -  
t iona l  leve l  [6]. On  the  o ther  hand ,  the  mi tochondr ia i  
enr i chment  in  aden ine  nuc leot ides ,  a mechan ism in-  
dependent  o f  p ro te in  synthes is  [!] ,  p romoted  the  u l t ra -  
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s t ruc tura l  changes  that  resu l t  in the  rap id  postnata l  
mat r ix  vo lume cont rac t ion  o f  the  organe l le  | ! ]. In  add i -  
t ion ,  it has  been  suggested  that  aden ine  nuc leot ides  in- 
te rac t  w i th  the  inner  mi tochondr ia l  membranes  to  t rans -  
fo rm these in to  funct iona l  energy-conserv ing  sys tems 
[7-9].  Th is  is a reasonab le  suggest ion  s ince the  pass ive  
pro ton  permeab i l i ty  o f  the  me~brane  exper iences  a 
pro found reduct ion  shor t ly  a f te r  b i r th  [10]. The  a im o f  
the  present  invest igat ion  was  two- fo ld :  (i) to  demon-  
s t ra te  that  the  pass ive  pro ton  permeab i l i ty  o f  the  inner  
mi tochondr ia l  membrane  is regu la ted  by  aden ine  nu-  
c leot ides  a t  th is  s tage  o f  deve lopment  and  (ii) to  ident i fy  
the  ta rget  p ro te in  fo r  aden ine  nuc leot ide  ac t ion  on  the  
b ioenerget i c  behav io r  o f  these  membranes .  
2. MATERIALS  AND METHODS 
Term newborns (5.2 + 0.1 g) were obtained by rapid hysterectomy 
from cervk:ally dislocated timed-pregnant rats | 1 ]. Liver mitochondria 
were isolated |1] from 0- and 2-postnatal-h-old newborns. 
Protein concentration and mitochondrial r~piration, n~mbrane 
potential (AtW), and ATP+ADP coneerttrations, were assayed as 
reported previously [I,10], Proton currents (J.*) were estimated from 
the respiratory rates assuming a H*/0 stoiehiometry of 6 [! 1,12] and 
were determined simultaneously with electrode measurements of  
[10]. For the determination of JK~4~p" relationships, mitochondrial 
respiratory rates were titmted against JW by addition of  the respi- 
ratory inhibitor malonate (0-25 raM) [10]. The effects of $ rain pre- 
incubation at 0°C of ATP (! pmol/mg protein) ÷ ollgom:t~cin (2omol/ 
mg protein), GDP (I ,umol/mg protein), oligomycin (2 nmol/mg 
protein) and carboxyatractylosid© (10 nrr, ol/mg protein) in Ju*--~ 
relationships were studied in 0-h-old mitochondria. J~*-4W rela- 
tionshil~ were also dete,~nined in K*-pyrophosphate (0.01,0. ! and 0.5 
raM) adenine nucleotide-depleted [ ! 3]mitcchondria from 2-h-old rats. 
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Estimation of the passlx e pvo lo  "! p~rmeability (L , -  t of the membranes 
was carried out from the sloI.~C of the experimcnta! data that fitted into 
a line at low va|ues o1"-~ [10.14]. 
3. RESULTS 
Ma lonate  t i t ra t ion  o f  resp i ra tory  ra tes  aga ins t  the  
membrane  potent ia l  in s ta t i c  head  o f  2 -h -o ld  neonata l  
l iver  mi tochondr ia  exh ib i ted  the  character i s t i c  adu l t  
"non-ohmic"  behav ior  fo r  the  proton  conductance  [10] 
and  c lose  to  adu l t  va lues  fo r  the  es t imated  pass ive  
proton  permeab i l i ty  o f  the  membrane  [10] ( see  a l so  in -  
ser t  to  F ig .  i ) .  in  o rder  to  ascer ta in  that  the  repor ted  
deve lopmenta l  changes  in  Jn+-Ag behav ior  and  in the  
pass ive  proton  permeab i l i ty  [10] resu l ted  f rom changes  
in  the  in t rami tochondr ia l  ATP+ADP concent ra t ions  
[ I ,4 ,5 ] ,  2 -h -o ld  neonata l  mi tochondr ia  were  incubated  
in  the  presence  o f  var ious  K* -pyrophosphate  concent ra -  
t ions  and  the  JH+-dg  behav ior  and  pass ive  proton  per -  
meab i l i t i es  determined  (F ig .  !). Th is  t reatment  is known 
to  promote  an  aden ine  nuc leot ide  t rans locase-cata lyzed  
exchange o f  ext rami tochondr ia l  pyrophosphate  fo r  in -  
t rami tochondr ia l  aden ine  nuc leot ides ,  thus  promot ing  
an  aden ine  nue leot ide  dep le t ion  dependent  upon  the  
concent ra t ion  o f  pyrophosphate  present  {! 3]. in  agree-  
ment  w i th  prev ious  f ind ings  [13], K+-pyrophosphate  
promoted  a concent ra t ion -dependent  ATP+ADP 
dcp le t ion  f rom 2-h -o ld  neonata l  mi tochondr ia  (Tab le  
I). Under  these  cond i t ions ,  when 70% o f  the  in t rami to -  
chondr ia l  ATP+ADP has  been  dep le ted ,  the  proton  
conductance  o f  the  membrane  changes  f rom the  charac -  
te r i s t i c  b iphas ic  (F ig .  IA )  to  the  'anomalous"  (F ig .  IC )  
l inear  behav ior  repor !ed  t~ ~ur  in fe~al mi tc~hondr ia  
[10] ( see  a l so  inser t  to  F ig .  2). These  changes  resu l ted  in 
a s ign i f i cant  3 - fo ld  inc rease  in the  pass ive  proton  per~ 
meab i l i ty  o f  the  membrane  in 2 -h -o ld  neonata l  mi -  
Table I 
Effect of adenine nucleotide depletion on ATP+ADP concentration 
in the 2-h-old neonatal mitochondria 
K ' -pyrophosphate (mM) ATP + ADP (% initial) 
None 100 
O.01 5 "7 + 3* 
0.1 40 ± I** 
0.5 29 ± 4"** 
Liver mitochondria (I mg/mt) from 2-h-old neonates were incubated 
for 5 rain at 37°(:: i~1 the absence or presence of  various K*-pyrophos- 
phate concentrations. At the end of  incubation ,~tochondria were 
isolated by centrifugation and resuspendcd in the same mgdium (250 
mM sucrose. I mM Tris-HCI, 0.3 mM EGTA, 0.2~¢, 8$A, pH 7.4) 
devoid of K*-pyrophosphate, for the 0.eterrnination of ATP+ADP 
concentration. ATP+ADP concentration i 2-h-old neonatal mito- 
chondria incubated in the absence of K' -pyrophosphate was 3.6 ± 0.6 
nmol/mg protein. The results shown are means ± SEM. *P<0.0005 
when compared to undepleted mitochondria. **P<0.0025 when com- 
pared to 0,01 mM K' -pyrophosphatc and "**P<0.025 when com- 
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Fig. 1. Effoct of adenine nuclcotide depletion on the passive proton 
permeability and proton conductance of  the inner mitochondrial 
membrane in 2-h-old neonatal rat liver mitochondria. 2-h-old neona- 
tal rat liver mitochondria were incubated with various K*-pyro- 
phosphate (PPi)concentrat ions (A. 0.01 raM: B, 0.1 raM; C. 0.5 raM) 
to promote adenine nucteotide depletion (see legend to Table l)° 
Adenine nucleotide-depleted mitochondria (I mg/ml) were incubated 
at 30°C in a standard oxygen electrode buffer with 2.5 ~tM rotenone 
and 8 mM sodium succinate for the simultaneous detern~ination f  
state 4 respiratory rates and membrane potentials (z~e). Mitochondrial 
respiratory rates were titrated by addition of  the respiratory inhibitor 
malonate (0-25 raM) and plotted against z~.  Proton fluxes (JH + were 
calculated from respiratory rates assuming a constant H+/0 stoi- 
chiometry of  6. Passive proton imrmeabitities (LH*, nmoI H+/min.mg 
protein-mV) were calculated from the slope o f  the experimental data 
that fitted into a line at low values o f  membrane potential. The results 
shown are means + SEM. "P<0.0005 when compared to 2-h-old 
undepletcd neonatal mitochondria. (Insert in A) The JH~--z~ rela- 
tionship and LH* value for 2-h-old neonatal adenine nncleotide-un- 
depleted mitochondria. 
tochondr ia  (F ig .  1), reach ing  the  va lues  repor ted  fo r  th i s  
parameter  in  fe ta l  mi tochondr ia  [10] ( see  a l so  inser t  to  
F ig .  2) .  Fur ther ,  the  max imum proton  cur rents  assayed  
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Fig. 2. Effect of the incubation of fetal rat liver mitochondria with ATP. 
oligomyein. GDP and carboxyatraetyloside on the passive proton par- 
meability and proton conductance. 0-h-old rat liver mitochondria (1
mg/ml) were incubated with ATP + oligomycin (A). oligornycin (B). 
GDP (C) and carboxyatractyloside (D). as indicated. Mitochondrial 
respiratory rates were titrated by the addition ofmalonate (0 25 raM) 
and plotted against z~. For other details ee legend to Fig. i. Passive 
proton perm©abilities (LH*+ nmol H'tmin.r0g protein.mV) were calcu- 
lated. The results hown arc means +_ SEM. */'<0.0005 when com- 
pared to non-incubated 0-h-otd neonatal rat liver mitoghondria. (ln- 
ser~ in A) The JH* -~ relationship and L n, value for 0-h-old non- 
incubated fetal liver mitochondria. 
showed a s ign i f i cant  d rop  in  ATP+ADP-dep le ted  mi -  
tochondr ia  (F ig .  ! C)o 
The  c lose para l le l i sm that  ex ists  between the  deve l -  
opmenta l  changes  in in t rami tochondr ia l  aden ine  nu-  
c leot ides  [ I ,4.5] and  the rap id  postnata l  decrease  in  the 
pass ive  proton  permeab i l i ty  o f  the  membrane  [10], to-  
gether  w i th  the resu l t s  repor ted  so fa r  (F ig .  I, Tab le  I), 
led us  to  fu r ther  s tudy  the  effect Jf  pur ine  nue leot ides  
and  o f  carboxyat racty los ide  and  o l igomyc in ,  on  the 
JH* - -Aq /behav ior  and  pass ive  proton  permeab i l i ty  o f  the 
fetal  mi tochondr ia  (F ig .  2). Fe ta l  mi tochondr ia  ex-  
h ib i ted  a l inear  behav ior  for  the proton  conductance  
and  a 6 - fo ld  h igher  va lue  for  the  es t imated  pass ive  
proton  permeab i l i ty  than  adu l t  mt tochondr ia l  
membranes  [10] (see a l so  inser t  to  F ig.  2). Incubat ion  o f  
fetal  mi tochondr ia  w i th  ATP+oI igomyc in  promoted  the 
appearance  o f  the  b iphas i¢  J ,÷- ,~ behav ior  in  p ro ton  
conductance  and  a dras t i c  reduct ion  in  the es t imated  
pass ive  proton  permeab i l i ty  (F ig .  2A) .  S ta t i c  head  max-  
imum proton  cur rents  were  much lower  than  in 2 -h -o ld  
neonata l  ( inser t  to  F ig .  1) o r  adu l t  [10] mi tochondr ia ,  
in  agreement  w i th  prev ious  f ind ings  [ I , !0 ] .  The  fo rmer  
ef fects  o f  ATP*o l igomyc in  are  due  to  the nuc leot ide  
a lone ,  s ince o l igomyc in  incubated  mi tochondr ia  
showed no  changes  fo r  both  the  Ja~--,d~ behav ior  and  
fo r  the  es t imated  Lx+ (F ig .  2B,  compared  to  inser t  to 
F ig.  2). In teres t ing ly ,  GDP incubat ion  promoted  a 
reduct ion  in the pass ive  proton  permeab i l i ty  o f  the 
membrane  (F ig .  2C)  s imi la r  to  that  obta ined  with  ATP  
incubat ion  (F ig .  2A):  the  b iphas ic  behav ior  in JH* AW 
was  a lso man i fes ted  (F ig .  2C).  Feta l  mi tochondr ia  in-  
cubated  w i th  CAt r  showed a 25- fo ld  reduct ion  in the 
pass ive  proton  permeab i l i ty  o f  the membrane  (F ig .  21)). 
The  effect o f  CAt r  on  the LH+ o f  fetal  mi tochondr ia  v, as 
even more  pronounced than  that  o f  ATP  or  GDP in-  
cubated  mi tochondr ia  (F ig .  2A  and  C,  respect ive ly) ,  
reach ing  a va lue  for  LH+ that  was  even  lower  than  that  
repor ted  for  adu l t  mi tochondr ia  [I0]. Fur ther ,  CAt r  in-  
cubat ion  promoted  (i) the  appearance  o f  the  b iphas ic  
behav ior  in Jtt+--dW and (ii) an  increase  in the membrane  
potent ia l  (F ig .  2D)  o f  the fetal  mi tochondr ia ,  in  agree-  
ment  w i th  recent  f ind ings  [15-17].  
4. D ISCUSSION 
It  has  long  been suggested  that  aden ine  nuc leot ides  
af fect  l iver  mi tochondr ia i  funct ion  in the per inata l  
per iod  [1 ,5 ,7 -10 ,18-21] .  In  fact,  it has  been  c la imed that  
the postnata l  enr i chment  in in t rami tochondr ia l  aden ine  
nuc leot ides  [! ,4,5] acts  as the t r igger  fac tor  o f  the 
changes  in the proper t ies  o f  the inner  mi tochondr ia l  
membrane ,  whereby  the fgtal mt tochondr ia  swi tch  f rom 
a "leaky" energy  conserv ing  s ta te  to  a 'non- leaky"  neona-  
tal  s ta te  [7-9].  We have  recent ly  shown that  dur ing  the 
f irst hour  postnata l ,  neonata l  rat  l iver mi tochondr ia  
su f fer  a p ro found reduct ion  in  the pass ive  proton  per -  
meab i l i ty  o f  the i r  membranes  [10], chang ing  f rom a 
s ta te  o f  h igher  energy  d i ss ipat ion  o f  the  proton  elec- 
t rochemica l  g rad ient  ( fetal  mi tochonc l r ;~)  to an  a lmost  
mature  s tate  o f  energy  conservat ion  ( l -h -o ld  mi -  
tochondr ia ) .  The  resu l ts  descr ibed  here in ,  (a) that  
aden ine  nuc leot ide -dep le ted  mi tochondr ia  f rom 2-h -o ld  
rats  (F ig .  !)  show both  a Ln+ and an  "ohmic" p ro ton  
conductance  behav ior  s imi la r  to  that  o f  fetal  mi -  
tochondr ia ,  and  (b)  that  fetal  mi tochondr ia  pre - in -  
cubated  w i th  ATP  (F ig .  2) show both  a Ltt + and  a 
b iphas ic  ( 'ohmic"  and  'non-ohmic ' )  p ro ton  conductance  
behav ior ,  s imi la r  to  that  repor ted  for  neonata l  (F ig .  ! 
inser t )  o r  adu l t  mi tochondr ia  ([10] and  re ferences  
there in ) ,  s t rong ly  suppor t  the  hypothes is  that  aden ine  
nuc leot ides  are  respons ib le  fo r  regu la t ing  the  devel -  
opmenta l  changes  in LH+ and proton  conductance  [I0] 
o.¢ the inner  mi tochondr ia l  membrane .  In  add i t ion ,  the 
a lmost  complete  inh ib i t ion  o f  the  LH÷ and the  ap-  
pearance  o f  the b iphas ic  behav ior  fo r  the proton  con-  
ductance  in  feta l  rn i tochondr ia  pre - incubated  w i th  
CAt r ,  a specif ic inh ib i to r  o f  the  ATP /ADP ant ipor ter ,  
ind icate  that  most ,  i f  not  all o f  these changes ,  are 
t r iggered  by  conformat iona l  changes  o f  the aden ine  nu-  
c leot ide  t rans locase  upon the in teract ion  o f  the ant i -  
por ter  w i th  the  nuc leot ides .  
M i tochondr ia l  changes  in  LH+ are  a mechan ism by  
wh ich  the  organ isms cou ld  opt imize  heat  p roduct ion  or  
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ATP synthes is  accord ing  to  env i ronmenta l  cond i t ions  
[22-24]) .  That  is, the  h igher  the  LH* the  h igher  u t i l i za -  
t ion  o f  the  proton  e lec t r tg=hemica l  g rad ient  as  a source  
for  heat  p roduct ion .  Thus ,  the  f ind ings  repor ted  in th is  
paper  suppor t  Sku lachev 's  p roposa l  fo r  the  invo lvement  
o f  the  ATP/ADP ant ipor ter  in the  uncoup l ing  o f  ox ida -  
t ive phosphory la t ion  [22], a ther rnogen ic  mechan ism 
that  cou ld  operate  in mi tochondr ia  o f  those  t i ssues  
(ske le ta l  musc le  and  l iver )  that  lack  the  spec i f i c  thermo-  
gen ie  prote in  (UCP)  that  is found in brown ad ipose  
t i ssue  mi tochondr ia  [25,26]. Th is  mechan ism cou ld  p lay  
an  ;mpor tant  thermogen ic  ro le  in some organ isms 
(b i rds )  [27] o r  under  cer ta in  phys io log ica l  s i tuat ions  
( fe ta l  deve lopment  [10] and  acute  thermal  responses  
[22-24] )  where  brown ad ipose  t i ssue  thermogenes is  is 
absent  o r  reduced.  The  UCP and  the  ATP/ADP ant i -  
por ter  show s t ructura l  and ,  to  some extent ,  funct iona l  
homc, logy  [28] ( fo r  rev iews  see [22,29]).  GDP is a regu-  
la tory  molecu le  o f  UCP act iv i ty ,  and  in cont ras t  to  
CAt r ,  has  been shown to  not  inh ib i t  the  pa lmi ta te - in -  
duced  s t imu la t ion  o f  resp i ra t ion  in mi tochondr ia  f rom 
ske le ta l  musc le  and  l iver  [15]. The  surpr i s ing  f ind ing  
that  GDP pre - incubat ion  o f  fe ta l  mi tochondr ia  pro -  
motes  a decrease  in LN+ and in t roduces  the  charac -  
te r i s t i c  b iphas ic  p ro ton  conductance  behav ior  (F ig .  2C) ,  
s imi la r  to  that  t r iggered  by  ATP  (F ig .  2A) ,  fu r ther  re in -  
fo rces  the  funct iona l  homology  between UCP and  the  
ATP/ADP ant ipor ter  as  thermoregu la tory  e lements  o f  
uncoup led  resp i ra t ion  [15-17 ,22] .  A t  least ,  under  a 
s i tuat ion  where  the  aden ine  nuc leot ide  content  o f  mi -  
tochondr ia  is be low 30% of  i ts  normal  level ;  that  is, m 
the  fe ta l  l i ver  [ I ,4 ,5]  o r  under  in v i t ro  cond i t ions  o f  
aden ine  nuc leot ide  dep le t ion  (F ig .  ! Tab le  1). 
On  the  o ther  hand,  the  sudden 13roton cur rent  in-  
c rease  observed  in adu l t  o r  neonata!  mi tochondr ia  at  
h igh  va lues  o f  membrane potent ia l  is be l ieved  to  be  the  
resu l t  o f  the  open ing  o f  vo l tage-gate l  ion  channe ls  in 
the  inner  mi tochondr ia l  membrane [30,3 i ] to  p revent  i ts  
d ie lec t r i c  b reakdown.  The  d isappearance  o f  the  'non-  
ohmic"  behav ior  fo r  the  proton  conductance  in neonata l  
aden ine-nuc leot ide -dep le ted  mi tochondr ia  (F ig .  1 C ,  
Tab le  t)  and  the  appearance  o f  the  character i s t i c  "non-- 
ohmic"  cur rent -vo l tage  re la t ionsh ip  in ATP  or  CAt r  
p re - incubated  feta l  mi toehondr ia  (F ig  2A ,D) ,  suggest ,  
f i rst ,  that  aden ine  nuc leot ides  are  regu la tory  molecu les  
o f  the  ac t iv i ty  o f  such  channe ls ,  and  second ly ,  that  the  
ATP/ADP ant ipor ter  i t se l f  is ab le ,  un~_ler cer ta in  cond i -  
t ions  ( low mi toehondr ia l  levels  o f  aden ine  nuc leot ides ) ,  
to  fo rm such  a channe l ;  an  observat ic , -a  in agreement  
w i th  recent  propoza ls  fo r  the  ac t iv i ty  ,sf  the  ATP/ADP 
ant ipor ter  [32]. 
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